Abstract We analyzed the impact of axonopathy-inducing agents 1,2-diacetylbenzene (1,2-DAB) and 2,5-hexanedione (2,5-HD) on membrane-bound protein disulfide isomerase (mPDI) versus soluble PDI (sPDI), or PDIfamily member thioredoxin (THX), and asked whether changes in PDI/THX were associated with production of oxidative/nitrosative species in the Sprague-Dawley rat. We show that 1,2-DAB and 2,5-HD lower the abundance of sPDI and THX. However, the protein expression of mPDI is increased in 1,2-DAB axonopathy and neuroproteins became more S-nitrosylated. The abundance of heme oxygenase-1 (HO-1) and isoforms of nitric oxide synthase (neuronal, endothelial, and inducible NOS) remained unchanged suggesting that S-nitrosylation occured via increased mPDI-transnitrosylation and/or diminished THX-denitrosylation. The transcription of PDI and glucose regulated protein-78 (GRP-78) remained unchanged indicating that post-translational modifications, e.g. S-nitrosylation, mediate the pathogenesis of c-diketone axonopathy. These findings open opportunities for new therapeutic testing (e.g., supplementation with denitrosylating THX) in c-diketone-induced axonal disease.
Introduction
The solvent metabolites 1,2-diacetylbenzene (1,2-DAB) or 2,5-hexanedione (2,5-HD) are c-diketone-like compounds that react with e-amino-or thiol-groups of lysine or cysteine moieties, respectively, of (neuro)proteins, and cause proximal (1,2-DAB) or distal (2,5-HD) neurofilament-filled axonal swellings in rodent elongated axons. Axonal atrophy and Wallerian-like degeneration occur distal to the swellings. In contrast, their respective isomers 1,3-DAB and 2,4-HD do not react with (neuro)proteins and do not cause axonopathy [1] [2] [3] [4] [5] .
We exploit the common protein-reactive properties of 1,2-DAB and 2,5-HD to probe molecular targets and mechanisms associated with axonal disease notably giant neurofilamentous axonopathy, a pathological hallmark of a host of neurodegenerative diseases including amyotrophic lateral sclerosis [6] [7] [8] [9] . Two-dimensional differential in gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption ionization time-of-flight/tandem mass spectrometry (MALDI-TOF/MS-MS) studies have revealed that protein disulfide isomerase (PDI), a thiol-dependent protein-folding assistant [10] [11] [12] , is a common target of 1,2-DAB and 2,5-HD [13, 14] . In this study, we analyzed the impact of these axonopathy-inducing agents on membrane-bound PDI (mPDI) versus soluble PDI (sPDI) or thioredoxin (THX), an enzyme that shares thiol-dependent conserved active domains with PDI-family members. In addition, we asked whether changes in PDI-family members were accompanied with overproduction of oxidative or nitrosative species, a phenomenon that is often associated with changes in PDI expression, protein misfolding, and dysfunction of the endoplasmic reticulum (ER) in certain neurodegenerative conditions [10, 12, [15] [16] [17] [18] .
We showed that 1,2-DAB and 2,5-HD lowered the protein expression of sPDI and THX in the SpragueDawley rat. However, they differentially altered the abundance of sPDI versus mPDI. The protein expression of mPDI was increased following treatment with 1,2-DAB while spinal cord proteins became highly S-nitrosylated. Interestingly, the protein expression levels of heme oxygenase-1 (HO-1) and isoforms of nitric oxide synthase (NOS-1, -2, or -3) or the transcription of PDI and glucoseregulated protein 78 (GRP-78) remained unchanged suggesting no ER stress [15, 16] . These findings indicate that protein S-nitrosylation associated with 1,2-DAB axonopathy results from an increase in mPDI-mediated transnitrosylation and/or a reduction in THX-denitrosylation [12, [19] [20] [21] [22] .
Methods

Treatment of Animals
Male Sprague-Dawley rats (Charles Rivers, CA) weighing 175-225 g upon arrival were individually housed, fed a rodent chow (PMI Ò Nutrition International, NJ), and given water ad libitum. The animals were acclimated for 5 days in a room maintained at 20°C on a 12 h/12 h light-dark cycle prior to treatment with 1,2-DAB (99% purity) or 2,5-HD (99% purity), or their respective non-neurotoxic isomers 1,3-DAB (97% purity) or 2,3-HD (96.5% purity) purchased from Sigma Aldrich (Madison, WI), or vehicle (saline containing 2% acetone or 50% dimethyl sulfoxide to dissolve DAB isomers or HD isomers, respectively).
Rats (n = 5 per treatment group) were treated intraperitoneally with 20 mg/kg/day DAB isomers, or equipotent doses of HD isomers i.e., 500 mg/kg/day, or equivalent volume of vehicle, 5 days a week for up to 3 weeks. At study termination, rats (n = 4 per treatment group) were anesthetized with 4% isofluorane (0.7 l oxygen/min), their blood collected via cardiac puncture, and decapitated prior to removal of the spinal cord as previously described [13] . The spinal cord was flash frozen in liquid nitrogen and stored at -80°C prior to transcriptional and western blot studies. The remaining animals were subjected to intracardiac perfusion with cold 4% paraformaldehyde followed by 5% glutaraldehyde, each in 0.2 M sodium cacodylate buffer (pH 7.4). The spinal cords and sciatic nerves of these animals were sampled and post-fixed in excess cacodylatebuffered 1% osmium tetroxide, dehydrated, and embedded in epoxy resin. Cross sections (*900 nm) of tissues were stained with 1% toluidine blue and screened by bright-field microscopy. Thin sections (*90 nm) of regions of interest were stained with 2% uranyl acetate followed by 1% lead citrate for examination by TEM. Treatment and handling of rats were conducted in accordance with institutional (OHSU) guidelines for care and use of laboratory animals.
Protein Immunoblots
Tissues were homogenized in ice-cold buffer (50 mM TrisHCl, 1 mM EDTA, pH 7.4) containing a protease inhibitor mixture (Sigma Aldrich, St-Louis, MO). After centrifugation at 12,000g for 45 min, cytosolic or membrane proteins were solubilized in an equal volume of 2x Laemmli buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 10% dithiotreitol, 0.1% bromophenol blue) and boiled for 10 min. Thereafter, proteins were resolved by 8-12% denaturing SDS-polyacrylamide gels and transferred overnight to PVDF membranes (Bio-Rad Laboratories, Hercules, CA). Loading variations were ruled out after Ponceau staining. The filters were treated for 1 h with Tris-buffered saline (TBS) containing 5% dry milk and 0.1% Tween 20 to block non-specific binding, then incubated for 1 h with either a rabbit anti-PDI polyclonal antibody (1/1,000; Stressgen, Ann Arbor, MI), or a rabbit anti-THX (1/1,000; Stressgen, MI), or a rabbit anti-heme-oxygenase-1 (HO-1, 1/500; Stressgen, Ann Arbor, MI), or mouse anti-nitric oxide synthase (NOS-1, or -2, or -3, 1/1,000; BD Biosciences, San Diego, CA), or a rabbit anti-nitrosocysteine (1/500; Sigma Aldrich, St-Louis, MO). The blots were subsequently probed with a goat anti-rabbit or anti-mouse horseradish peroxidaseconjugated antibody (Perkin-Elmer, Waltham, MA) diluted 1/10,000 in the same buffer. After extensive washing with TBS, peroxidase activity was detected by an enhanced chemiluminescence (ECL) detection system (GE Healthcare Life Sciences, Piscataway, NJ). The expression levels of proteins were quantified using an MCID-M1 imaging system (Imaging Research, ON, Canada).
Transcriptional Studies
Gene expression for GRP-78, PDI, and b-actin (internal standard) in 1,2-DAB axonopathy, featured by intraspinal (neuronal) accumulation of proteinaceous materials, was investigated by one-step semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR). b-Actin was used as an internal standard to monitor loading variations. Total ribonucleic acid (RNA) was extracted from the lumbosacral spinal cord using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. RNA samples were resuspended in diethylpyrocarbonate-treated water, and then kept at -70°C until use. Total RNA (1 lg) was mixed with 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 50 mM KCl, 0.01% (w/v) bovine serum albumin, 200 lM dNTPs, primers at 1 lM each, AMV reverse transcriptase (80 U/ml), Taq DNA polymerase (20 U/ml) and 50 lCi/ml [a 32 P]dCTP (3,000 Ci/mmol), for a total reaction volume of 50 lL. The reactions were initially carried out at 50°C for 20 min followed by PCR at 95°C for 30 sec, 60°C for 45 sec and 72°C for 1 min. Amplification efficiency conditions were determined after a kinetic study to ensure that all experiments were performed in the exponential phase of amplification where PCR products remain proportional to initial template concentration. b-Actin, PDI, and GRP-78 were amplified for 18, 25, 23 cycles, respectively. After amplification, samples were electrophoresed onto 9% polyacrylamide gels, dried, and autoradiographed at -70°C with an intensifying screen. Each band was excised and Cerenkov radiation was quantified using a b-counter.
The respective forward and reverse oligonucleotide primer sequences were as follows: 
Results
Rats treated with 1,2-DAB or 2,5-HD, but not with their respective non-axonopathic isomers or vehicle, showed a comparable degree of walking difficulty and severe neuromuscular weakness by the end of the third week of treatment. Microscopic examination of the nervous system tissues from impaired animals revealed clustering of microtubules and organelles (1,2-DAB and 2,5-HD), clumping of neurofilaments (NF; 1,2-DAB and 2,5-HD), and intraspinal 10 nm-neurofilament-filled axonal swellings (1,2-DAB; Fig. 1 ).
1,2-DAB and 2,5-HD significantly lowered the abundance of sPDI and THX. However, the expression of mPDI and that of S-nitrosylated (neuro)proteins were increased in lumbosacral tissues from animals treated with 1,2-DAB (Fig. 2) . S-nitrosylated proteins were revealed on three gelbands with molecular weights ranging from 38 to 82 kDa. Protein expression of HO-1 and NOS-1, -2, or -3 (Fig. 3) and mRNA levels of PDI or GRP-78 (not shown) remained unchanged.
Discussion
We report, for the first time, a differential modulation of PDI-family members and protein S-nitrosylation in the Sprague-Dawley rat treated with c-diketone-like 1,2-DAB or 2,5-HD. Changes in both sPDI and THX confirm that thiol-dependent PDI-family members are important players in the pathogenesis of c-diketone axonopathy [5, 13, 14, 23] . The differential pattern of mPDI expression and/or S-nitrosylation in 1,2-DAB-versus 2,5-HD-axonopathy possibly reflect the presence (1,2-DAB) versus the absence (2,5-HD) of proteinaceous (neurofilamentous) accumulations in the spinal cord, our tissue of interest in this study. Increase in mPDI may also result from a translocation of sPDI into membranes as part of defense mechanisms. Increased S-nitrosylation with no increase in the markers of oxidative and nitrosative stress i.e., HO-1 and NOS isoforms (1, 2, or 3), respectively, and increase in the expression mPDI concomitantly with decrease in THX, indicate that S-nitrosylation occurs via mPDI-mediated transnitrosylation and/or diminished THX-denitrosylation [12, [19] [20] [21] [22] . S-nitrosylation of selected immunoblot bands in 1,2-DAB axonopathy warrants further studies to identify those neuroproteins that became highly S-nitrosylated and explore the role of nitric oxide signaling pathways in relation to nerve fiber (axon) degeneration [15, 16] .
Normal translational levels of PDI and GRP-78 and unchanged protein levels of HO-1 and NOS isoforms, suggest that S-nitrosylation does not originate from a stress of the ER [15] [16] [17] . This proposal requires, however, Staining made with 2% uranyl acetate followed by 1% lead citrate caution for its interpretation because prolonged depletion of sPDI and/or THX may conceivably lead to decrease in protein folding capabilities within the nervous system and/ or the accumulation of misfolded proteins with subsequent ER stress [15, [24] [25] [26] .
In sum, while common targets of 1,2-DAB and 2,5-HD may serve as biomarkers of exposure to neurotoxic c-diketones and hence, their respective parent neurotoxic solvents 1,2-diethylbenzene and n-hexane, this study indicates that 1,2-DAB and 2,5-HD have their mechanisms of action mediated by their differential ability to alter the abundance of PDI-family members and trigger pathologic S-nitrosylation of neuroproteins. Previous studies have demonstrated consistent neuropathological changes across species notably in the Sprague-Dawley rat and the C57BL/6 mouse [3, 4] . Whether the two aforementioned species will display similar neurochemical changes upon treatment with c-diketones have yet to be determined. Nevertheless, our findings open opportunities for testing new therapeutic means (e.g., supplementation with denitrosylating THX) in the axonal disease induced by c-diketone-like 1,2-DAB or 2,5-HD. The two axonopathic compounds appear to be Fig. 2 a Protein immunoblots (n = 4 per treatment group) of sPDI (58 kDa), mPDI (58 kDa), and S-nitrosylated proteins (*60 kDa) in animals treated with vehicle, 2,5-HD, or 1,2-DAB. b 2,5-HD and 1,2-DAB lower sPDI (25.9%, P \ 0.01 and 32.8%, P \ 0.001, respectively, relative to vehicle). c mPDI increased in 1,2-DAB-treated animals (92.5% relative to vehicle, P \ 0.01). d S-nitrosylated proteins significantly occur in 1,2-DAB-relative to 2,5-HD-treated animals (5.1-fold, P \ 0.001) or vehicle-treated animals (3.7-fold, P \ 0.001). Data analyzed by ANOVA followed by Tukey's post hoc analysis. Results are expressed as mean ± SE of the mean Fig. 3 a Protein immunoblots (n = 4 per treatment group) of HO-1 (32 kDa) and representative NOS (endothelial isoform, 140 kDa) in rats treated with vehicle, 2,5-HD, or 1,2-DAB. Treatment with 2,5-HD or 1,2-DAB induced no significant changes in the expression of HO-1 (P = 0.6187) or NOS isoforms (e.g., NOS-3, P = 0.9395) as shown in (b) and (c), respectively excellent tools that can be used to probe molecular mechanisms of nerve fiber (axon) degeneration.
